ABSTRACT. MicroRNAs (miRNAs) are a newly discovered class of noncoding small RNAs that regulate gene expression by directing target mRNA cleavage or translational inhibition. A large number of miRNAs have been identified in plants. Increasing evidence has shown that miRNAs play multiple roles in plant biological processes. So far, identification of miRNAs has been limited to a few model plant species, whose genomes have been sequenced. Wheat (Triticum aestivum L.) is one of the most important cereal crops worldwide. To date, only a few conserved miRNAs have been predicted in wheat. Here, we showed the conserved miRNAs identified in wheat by expressed sequence tag (EST) analysis. All previously known miRNAs from Arabidopsis, rice, and other plant species were used in a BLAST search against the wheat EST database to identify novel wheat miRNAs by a series of filtering criteria. By this strategy, we identified 62 conserved miRNAs, belonging to 30 miRNA families, 48 of which were newly discovered in wheat. These newly identified wheat miRNAs may regulate 287 potential targets, which are involved in development, signal transduction, metabolic pathways, disease resistance, ion transportation, and environmental stress response.
INTRODUCTION
This conservation makes it possible to identify homologs of known miRNAs in other species (Zhang et al., 2006b ). Many programs have been designed to search plant miRNAs using the whole genome sequences. However, the application of this strategy has been greatly limited by the unavailability of whole genome sequences in plants. Compared with the three methods mentioned above, EST analysis is a powerful tool for identifying conserved miRNAs and studying the evolution of conserved miRNAs among various plant species, especially for those whose whole genome sequences are not available (Zhang et al., 2005 (Zhang et al., , 2006b .
Wheat is the most widely grown crop, occupying 17% of all the cultivated land and providing approximately 55% of carbohydrates for human consumption all over the world (Gill et al., 2004) . Thus far, only 44 miRNAs have been identified in wheat and deposited in the miRNA database (miRbase), and a large number of wheat miRNAs remain unknown. In this study, all previously known plant miRNAs deposited in the miRNA database were employed to search the wheat EST database in order to predict the potential wheat miRNAs by EST analysis. A total of 62 potential miRNAs were detected, 48 of which were newly discovered in wheat. Based on these newly predicted wheat miRNAs sequences, we did a further BLAST search of the wheat mRNA database and found 278 potential miRNA target genes. Most of these wheat miRNAs were found to be involved in regulating plant development, signal transduction, ion transportation, response to biotic or abiotic stressors, and metabolism.
MATERIAL AND METHODS

Mature plant miRNA query sequences and wheat EST sequences
To identify potential wheat miRNAs, a total of 3580 previously known plant mature miRNA sequences from Oryza sativa, Glycine max, Zea mays, Arabidopsis thaliana, Brachypodium distachyon, Sorghum bicolor, Populus trichocarpa, Medicago truncatula, and other plant species were downloaded from the miRNA registry database (http://www.mirbase.org/). The repeated plant miRNA sequences from different species were removed to avoid redundant miRNAs, and the remaining unique miRNA sequences were employed as query sequences for BLAST search against the wheat EST database, which was available online from the National Center for Biotechnology Information (NCBI) GenBank nucleotide databases (http://www. ncbi.nlm.nih.gov/).
Availability of software
BLASTN and BLASTX (http://www.ncbi.nlm.nih.gov/BLAST/) were used to search for wheat miRNA homologs and to analyze the protein-encoding sequences, respectively. The software CodonCode Aligner was employed to conduct ClustalW alignment, to discard the repeated ESTs of the same genes. The Zuker RNA folding algorithm software mfold 3.5, available online (http://mfold.rna.albany.edu/?q=mfold) (Zuker, 2003) , was used to predict the secondary structures of RNAs. The web tool psRNATarget (http://bioinfo3.noble.org/psRNATarget/) was applied to predict the targets of newly identified wheat miRNAs. tial wheat miRNAs. We used the same methodology as described by Zhang et al. (2005) to identify new plant miRNAs based on their conservation by EST analysis. The procedure for the prediction of wheat potential miRNAs is illustrated in Figure S1 . To avoid repetitious work, the previously known plant miRNAs were screened to remove the repeated miRNA sequences, and the remaining unique miRNA sequences were used as queries for a BLASTN search against the wheat EST database for wheat miRNA homologs. All the parameters were set as follows: maximum target sequences for 1000, expect a threshold for 10; the remaining parameters were default. All wheat EST sequences with no more than four mismatches against the query sequences were saved. These EST sequences were employed to conduct ClustalW analysis to remove the repeated EST sequences of the same gene by the software CodonCode Aligner. The remaining sequences were used for a BLASTX search against the protein database at NCBI to remove the protein-encoding sequences.
The secondary structures of the remaining wheat EST sequences were generated using the software mfold 3.5 (Zuker, 2003) , where the default parameters were used to predict secondary structures of the selected sequences. The following criteria (Ambros et al., 2003; Zhang et al., 2006c) were employed to screen the candidates of potential wheat miRNAs or pre-miRNAs: 1) compared with all known plant mature miRNA sequences, no more than four nucleotide mismatches were allowed in potential mature miRNA sequences; 2) the premiRNA sequence within an EST sequence could fold into a typical hairpin secondary structure that contained a mature miRNA sequence at one arm of the hairpin structure; 3) no more than six mismatches between the potential mature miRNA sequence and the opposite miRNA* sequence were allowed; 4) no loops or breaks in miRNA sequences were allowed; 5) the secondary structures of the predicted pre-miRNA should have a higher minimal folding free energy index (MFEI) and negative minimal free energy (MFE) than other small RNAs; and 6) the content of A + U should be within 30 to 70%.
Prediction of targets of novel wheat miRNA
Previous studies have demonstrated that most known plant miRNAs bind to the protein-encoding region of their mRNA targets with perfect or near-perfect sequence complementarity, and miRNAs negatively regulate target gene expression by direct cleavage of target mRNAs or repression of protein translation (Bartel, 2004; Chen, 2004) . This characteristic provides an efficient strategy to predict plant miRNA targets by searching for miRNA homologs. Thus far, a large number of plant miRNA targets have been predicted using this approach. In this study, we used the same approach to predict wheat miRNA targets. Targets of newly identified wheat miRNAs were predicted by the web tool psRNATarget, using the Triticum aestivum (wheat) DFCI Gene index (TAGI) release 12 as the sequence library for target search, with 3 set as the maximum expectation, no more than four mismatches at complementary sites between miRNA sequences and potential mRNA targets allowed, and no gaps allowed at the complementary sites.
RESULTS AND DISCUSSION
Identification of potential wheat miRNAs by EST analysis
The evolutionary conservation of miRNA families among plant species has provided a powerful approach to identify conserved miRNAs by EST and/or Genome Survey Sequences analyses in other plant species. Using the methods described above, after searching the NCBI wheat EST database and removing the protein-coding repeated sequences, only the EST sequences in accordance with the screening criteria were selected as miRNA candidates. In this study, 62 potential wheat miRNAs belonging to 30 miRNA families were identified. Given that many wheat miRNAs have been identified by high-throughput sequencing or computational approaches, the mature sequences of the 62 identified miRNAs were compared with published wheat miRNAs (Yao et al., 2007; Dryanova et al., 2008; Jin et al., 2008; Han et al., 2009; Wei et al., 2009; Yin and Shen, 2010) . The results indicated that 14 miRNAs had an identical sequence with previously reported wheat miRNAs, including miR159, miR169, miR171, miR319, miR395a-c, miR398, miR408, miR444, miR1120, miR1128, and miR1135. The other 48 miRNAs were newly identified in wheat, including miR393, miR395d, miR397, miR437, miR530, miR774, miR1126, miR1127, miR1435, miR1436a-h, miR1439a-e, miR2593, miR5067a-b, miR5169, miR5175a-c, miR5180a-c, miR5181a-e, miR5183, miR5203a-c, and miR5205a-g (Table 1 ).
Characteristics of identified wheat miRNAs
To distinguish miRNAs from other small RNAs, the characteristics of the identified wheat miRNAs were studied, including miRNA mature sequences, length of mature miRNAs, miRNA location, length of precursors, minimal folding free energies, and minimal folding free energy indexes (Table 1 ). The lengths of identified wheat miRNA precursors varied significantly, from 57 to 211 nt with an average of 108 nucleotides. However, most identified wheat miRNA precursors (82.3%) had 60 to 150 nucleotides, which is similar to the miRNAs in Arabidopsis thaliana and Oryza sativa (Griffiths-Jones et al., 2006) . Despite the great difference in lengths, all the identified wheat miRNA precursors could be folded into the typical miRNA secondary structures ( Figure S2 ). The lengths of these miRNA mature sequences range from 19 to 24 nucleotides, but most (75.8%) were confined to 21 nucleotides, which is quite similar to those mature miRNAs already identified in other model plants. The A and U contents of these predicted wheat miRNA ranges from 33.33 to 76.19%, with an average of 53.93%, which meets the results of previous studies (Zhang et al., 2006c) . The negative MFEs of the identified wheat miRNA precursors varied broadly from -27.40 to -98.90 kcal/mol, with an average of -56.76 kcal/mol. Moreover, we also found that the precursors of these miRNAs had high MFEIs, ranging from 0.86 to 1.76 (Table 1) , with an average of 1.19, which was significantly higher than those reported for tRNAs (0.64), rRNAs (0.59), and mRNAs (0.62 to 0.66), suggesting that these identified wheat miRNAs are more likely to be true miRNAs (Zhang et al., 2006c) . In this study, we also found that 24 mature wheat miRNAs were located on the 3ꞌ end of their precursors, whereas the other 38 mature miRNAs were located on the 5ꞌ end of their precursors (Table 1 and Figure S2 ).
The 48 newly identified miRNAs belonged to 20 miRNA families in wheat. However, the distribution of these miRNAs was not even among the miRNA families (Figure 1 ), and some miRNA families had more members than the others. MiR393, miR395, miR397, miR437, miR530, miR774, miR1126, miR1127, miR1435, miR2593, miR5169, and miR5183 have only one member, whereas the other eight miRNA families (miR1436, miR1439, miR5067, miR5175, miR5180, miR5181, miR5203, and miR5205) have 2 to 8 members, respectively (Figure 1 ). L = location of mature miRNAs; LM = length of mature miRNAs; LP = length of precursors; MFEs = minimal folding free energies; MFEIs = minimal folding free energy indexes. The miRNAs newly identified in wheat are shown in bold, the capital letters in sequences represent the mismatched nucleotides. 
A cluster of four miR395 members in wheat EST sequence CK194045
It has been reported that members of the miR395 family form clusters of various sizes in different plant species, from less than 1 kb in Oryza sativa to about 70 kb in Medicago truncatula (Li and Mao, 2007) . In this study, we found that four miR395 members identified on the same wheat EST sequence (CK194045) formed into a cluster, which spanned less than 1 kb on the wheat genome (Figure 2 ). Since the cluster is so compact, these miR395 members may be transcribed as a single polycistron. 
Targets of newly predicted wheat miRNAs
The mature sequences of these newly identified wheat miRNAs were employed to search for their potential regulatory targets, with the searching criteria set as described above in Material and Methods. In this study, we identified a total of 138 potential targets with known functions for the 18 identified miRNA families in wheat (Table 2) ; 140 additional targets with unknown functions were not listed. The 138 potential targets of wheat miRNAs are involved in different biological functions, including development, signal transduction, metabolic pathways, disease resistance, ion transportation, and responses to various environmental stressors. Plant miRNA targets are more likely to encode transcription factors, and 16 transcription factors for 10 miRNA families were found in our study, which may play important roles in plant growth and development. F-box proteins, acting as auxin receptors mediating Aux/ IAA proteins proteasomal degradation and auxin-regulated transcription in the embryogenesis regulation by auxin, were predicted to be targets of miR393 and miR394 in Arabidopsis thaliana (Jones-Rhoades and Bartel, 2004) . In this study, we found that wheat miR393, miR437, miR1126, miR5175, and miR5205 targeted F-box proteins. The APETALA2 (APE2)-like protein, involved in embryo, endosperm, and seed coat development in Arabidopsis thaliana (Ohto et al., 2009) , was predicted as the target of wheat miR530, whereas miR172 have been well known to target APE2-like transcription factors in the plant kingdom, such as TARGET OF EAT1 (TOE1), TOE2, and TOE3 in Arabidopsis thaliana (Mlotshwa et al., 2006) . MiR774, miR1436, and miR1439 targeted zinc finger transcription factors, which are a superfamily of proteins involved in numerous activities of plant growth and development, and are also known to regulate resistance mechanisms for various biotic and abiotic stresses (Feurtado et al., 2011) . The basic/helix-loop-helix (bHLH) transcription factors, which control cell proliferation and cell lineage establishment (Toledo-Ortiz et al., 2003) , were potential targets for wheat miR1436 and miR5175. MiR1439 also targeted TetR family proteins, and miR5183 targeted the WRKY transcription factor, which plays multiple roles in plant processes such as germination, senescence, and responses to abiotic stresses like drought and cold (Rushton et al., 2010) . MiR5205 also targeted the CBS domain containing protein, which plays important roles in response to various stresses such as salinity, drought, cold, high temperature, UV, wounding, and genotoxic stress in Arabidopsis thaliana and Oryza sativa (Kushwaha et al., 2009) .
In addition to targeting transcription factors, some identified wheat miRNAs (Table 2 ) also preferred to target genes involved in metabolism, such as phytase, lipoxygenase, glutathione S-transferase, phosphodiesterase, carbonyl reductase, acetyltransferase, 5-methylcytosine DNA glycosylase, terpene synthase, glycosyltransferase, dihydroflavonol-4-reductase, serine/ threonine phosphatase, starch branching enzyme I, serine carboxypeptidase, and so on, which might play vital roles in various metabolic pathways. We also found that several identified wheat miRNAs (Table 2) had complementary sites with auxin-induced protein, calmodulin TaCaM2-1, MAP3K protein kinase, Wd-repeat protein 48, abscisic stress ripening-like protein, and Wpk4 protein kinase, all of which may play important roles in signal transduction.
Additionally, there were other predicted targeted genes involved in biotic and abiotic stress resistance. For example, stress-enhanced protein was targeted by miR395d, ethyleneinduced calmodulin-binding protein was predicted as the target of miR1435, which might play an important role in plant immunity and ethylene signaling (Nie et al., 2012) , and miR1436 and miR5205 targeted brown planthopper-induced resistance protein and jasmonate-induced protein, respectively. Moreover, some genes relating to plant disease resistance were identified as targets of these novel wheat miRNAs, such as miR1436 and miR5067 that targeted wallassociated receptor kinase, which plays a significant role in both the pathogen response and cell expansion during plant development (Kohorn and Kohorn, 2012) . Rust resistance kinase Lr10 was also targeted by miR1436, disease resistance protein was predicted as the target of miR1439, disease resistance protein RPM1 was targeted by miR5169, and NB-ARC protein was targeted by miR5205, which is a functional ATPase domain, its nucleotide-binding state of which is proposed to regulate activity of the R protein (van Ooijen et al., 2008) .
Another important section of the predicted targets were various kinds of transporters, such as the miR1435-targeted metal-nicotianamine transporter, which is required for the long-distance transport of iron and manganese in Oryza sativa (Ishimaru et al., 2010) . ABC transporters were simultaneously predicted as the targets of miR5169 and miR1435, which were reported to transport glutathione conjugates (Klein et al., 2006) . MiR5067 and miR5175 targeted the nitrate transporter, and, in addition, miR5175 also targeted the ammonium transporter, whereas the transport protein particle component was identified as the targets of miR1439 and miR5175. Furthermore, several predicted targets were involved in plant development, where armadillo repeat-containing protein, proven to be critical for anther and root development in Arabidopsis thaliana (Mei et al., 2012) , was predicted to be targeted by miR397. miR437 targeted C2 and GRAM domain proteins, which may play an important role during the late stage of pollen development and germination (Jiang et al., 2005) .
Although 3580 plant miRNAs have been identified and deposited in the miRNA database (miRbase), a majority of them were identified from model plant species such as Arabidopsis thaliana, Oryza sativa, and Populus trichocarpa. Owing to its huge and unsequenced genome, only a very small amount of miRNAs have been discovered and functionally identified in wheat. In this study, we identified 48 novel wheat miRNAs, belonging to 18 miRNA families. This work will facilitate research on the functions of miRNAs in wheat, as well as provide help in understanding the regulation of growth and development in wheat. We also believe that the more wheat EST sequences are made publically available, the more wheat miRNAs will be discovered.
